Since its introduction in early 1950s, electroencephalography (EEG) has been widely used in the neonatal intensive care units (NICU) for assessment and monitoring of brain function in preterm and term babies. Most common indications are the diagnosis of epileptic seizures, assessment of brain maturity, and recovery from hypoxic-ischemic events. EEG recording techniques and the understanding of neonatal EEG signals have dramatically improved, but these advances have been slow to penetrate through the clinical traditions. The aim of this presentation is to bring theory and practice of advanced EEG recording available for neonatal units.
In the theoretical part, we will present animations to illustrate how a preterm brain gives rise to spontaneous and evoked EEG activities, both of which are unique to this developmental phase, as well as crucial for a proper brain maturation. Recent animal work has shown that the structural brain development is clearly reflected in early EEG activity. Most important structures in this regard are the growing long range connections and the transient cortical structure, subplate. Sensory stimuli in a preterm baby will generate responses that are seen at a single trial level, and they have underpinnings in the subplate-cortex interaction. This brings neonatal EEG readily into a multimodal study, where EEG is not only recording cortical function, but it also tests subplate function via different sensory modalities. Finally, introduction of clinically suitable dense array EEG caps, as well as amplifiers capable of recording low frequencies, have disclosed multitude of brain activities that have as yet been overlooked.
In the practical part of this video, we show how a multimodal, dense array EEG study is performed in neonatal intensive care unit from a preterm baby in the incubator. The video demonstrates preparation of the baby and incubator, application of the EEG cap, and performance of the sensory stimulations.
Video Link
The video component of this article can be found at http://www.jove.com/video/3774/ Protocol 1. Preparing the baby and the cot/incubator for an EEG study 1 . Schedule the EEG study so that it does not co-incide with the other NICU procedures, such as blood sampling or ultrasound examination, as they may interfere with both the EEG devices and baby's vigilance state. 2. Start recording immediately after feeding, so the baby is most likely to fall into sleep during EEG recording. It may be practical to apply all recording electrodes prior to feeding and/or other care procedures, so that the EEG can commence immediately thereafter. 3. Make sure that there are no unnecessary electric devices connected to the baby. 4. Place all wires related to the EEG recording as far apart as possible from the other wires in the cot. Turn off bed heating, if possible treatment wise. 5. In a case of electrical interference, you may try to identify the interfering device by turning them off (sometimes even unplugging from mains one at a time may be helpful). 6. Make sure that baby's head is not touching damp or wet textiles, which may increase coupling of interference from external noise sources to the baby.
Application of the dense array EEG cap
electrodes are located at an appropriate level above ear lobes (five different sizes of these caps are available to fit from extremely young preterm to fullterm neonates). 2. If possible, two persons should work together to place the EEG cap, one taking care of the cap, and the other one holding baby's head and possible intubation or nasal CPAP tubes. If the patient has a CPAP, remove it for the 10-20 seconds that it takes to place the EEG cap. The holding straps of the nasal CPAP are wrapped over the EEG cap later. 3. (optional) If the baby has an iv line in the head, you will need to disconnect it, and pass it through the outlet made for it in the cap (available in the caps used in the present study). Otherwise, you will need to use head net and single electrode placement, which is demonstrated on the website of the NEMO study (see http://www.nemo-europe.com/en/educational-tools.php). 4. Hold the baby so that his/her face is directed towards you. Take the cap into both hands, and by using your fingers, push the middle of the cap inside out, so that the central (Cz and Pz electrodes) will first touch the scalp. 5. Roll the cap gently over the head so that the cap is almost sitting in its final position. Finally, adjust the cap symmetrically in both left-right and anterior-posterior directions. Check symmetry by making sure that the Cz electrode is in the middle (left-right) at the line that connects both ears. When pulling the cap over forehead, it is practical to keep baby's head in place by pressing your thumbs against his/her forehead above the eyes. 6. Fasten the chin strap to a tightness that keeps the cap well in place, and yet allows unrestricted breathing. Do also check now that the cap size is optimal. The cap shown in this video may look little loose. However, it extends well over the forehead and occipital areas, and yet it is well enough in contact with the scalp at centroparietal areas. Five different sizes of these caps are available to fit from extremely young preterm to full-term neonates, and the cap shown in this video will fit this baby for a few weeks from now on. 7. Apply the electrode gel through the electrode holes with a syringe connected to a thick blunt gel needle ("tip"). A bended tip may be useful to reach contacts that are difficult to access directly. Fill the electrode cups so that no gel will leak out, as it may form bridges with neighbouring electrodes or even wet the pillow possibly causing artefact. A more viscous gel formula may be practical in this regard, and allows even gelling before cap placement (see ref 1). 8. Check the impedances and EEG signal quality, and prepare the scalp either by gentle mechanical rubbing or by using the so called SurePrep method as needed 2, 3 (http://www.helsinki.fi/science/eeg/videos/sureprep/). Observe the quality of skin contact simultaneously from the impedance values given by the EEG software, or by looking at the EEG trace quality. Start from the reference and ground, then prepare one hemisphere at a time to minimize moving of the baby. 9. Start EEG recording when the impedance levels are acceptable, usually below 15kohms, or when the signal does look clean enough without filtering. Note that impedances often improve over time, so give some minutes time for the impedances to settle down.
Application of the polygraphic sensors
1. Record muscle tone (electromyography; EMG) by attaching two EMG electrodes under the chin. Prepare the skin gently before electrode application. 2. Record heart beat by applying two ECG electrodes over the chest or on the shoulders. Shoulder attachment is useful if there is a need to identify potential epileptic body movements. Prepare the skin gently before electrode application. 3. Record eye movements (electro-oculogram, EOG) either with frontal EEG electrodes (then no additional electrodes are needed), or with separate EOG electrodes attached near the lateral corners of the eyes. In the youngest premies, however, it may be sometimes needed to use piezo sensors attached to eyelids (not shown in this video), because their retina may not be polarized enough to cause detectable electric fields. Prepare the skin gently before electrode application. 4. Monitor respiration movements with a stretch-sensitive transducer belt that is wrapped around the trunk over abdomen or chest. Make sure that the transducer is tight enough to show respiratory movements in the recording, and yet loose enough to allow unrestricted respiration. In babies with spontaneous breathing, special care is needed not to restrain breathing movements (see also http://www.nemo-europe.com/en/ educational-tools.php). 5. If clinically needed, add also a movement-sensitive piezo sensor to any body part that is expected to show unusual movements. 6. Position the EEG-synchronized video camera so that the whole baby is well seen in the picture. During specific parts of the EEG study, one may choose to focus on selected body parts, such as hands or feet during their tactile stimulation.
Recording
1. During the entire recording session, keep an eye on the signal quality, and make corrections if any signal deteriorates. Follow the baby as well, and add annotations of any event (eg. clinical sign, movement, drug administration) that may be of interest during later offline EEG interpretation. 2. Should artefacts occur during the recording, troubleshoot them and make corrections to the recording immediately. Many artefacts may permanently compromise the later use of EEG signal. 3. Adjust the recording length individually so that the EEG study includes at least one epoch of all vigilance states: awake, active sleep and quiet sleep. In most cases, this will take 40 to 90 minutes. 4. Perform sensory stimulations (see section 5 below) when the baby is well asleep. It is preferable to wait until quiet sleep period. 5. In the end of the EEG recording session, remove the cap and other sensors, and clean the excess gel from baby's scalp by wiping with a wet cloth. 6. Clean the EEG cap and other accessories first mechanically, then sterilize them according to hospital instructions. 1 . Note that all sensory responses in the young preemies have a long (several seconds) refractory period, and the responses decline rapidly with short interstimulus intervals or in the presence of other ongoing EEG activity in the sensory cortex. Hence, deliver sensory stimuli at moments when the EEG has been relatively silent for at least few seconds, which is easiest to do during quiet sleep exhibiting trace discontinue activity [4] [5] [6] 2. To study the visual evoked responses, give single flashes with a device integrated to the EEG system. You may also show any transient light, such as moving a torch beam over the face. A response is readily generated even from distance, such as through the transparent incubator walls. Observe the response with at least one second duration in several occipital and parietal electrodes. 3. To study the somatosensory evoked responses, apply gentle tactile stimuli to the palm or sole of the baby. It is helpful to use a device that automatically generates a mark (trigger) into the EEG trace. Observe the response in the contralateral centro-temporal (C and T) electrodes after hand stimulation, and in the midline (Cz) electrodes after foot stimulation. To assist later analysis, add manual annotation to EEG recording any time when you see a spontaneous limb movement, because it produces responses similar to stimulated ones. 4. To study auditory responses, you may use almost any sound with relatively low intensity,such as hand clapping near baby's head. Avoid using the traditional horn stimulation, because its high sound intensity will lead to both auditory activation and sleep arousal, with often ensuing movement artefacts.
Sensory stimulations

Analysis
1. Start preliminary analysis during the EEG recording already. Add annotations of clinical events that are not obvious from the EEG signal (eg. care procedures, unusual movements or drug administration). Make note also of all EEG artefacts (eg. sucking, rocking or tapping), which are difficult to identify afterwards. Finally, add your preliminary considerations as they arise online, as they may often involve insights that are difficult to perceive later. Make sure that you have recorded both active and quiet sleep, and that the number and quality of sensory stimuli are sufficient. 2. The actual, thorough review of neonatal EEG is done offline in a workstation where EEG findings can be processed and described in more detail. 
Representative Results
Discussion
Recording of neonatal EEG in the way shown here is safe, and hence doable from any baby and in any condition that allows handling associated with routine care procedures 1 . The intensive care unit is a challenging environment to the sensitive EEG devices. A key to a technically good quality recording is a proper use of well-functioning dense array EEG cap, such as the one shown in this video. NICU environment is unique in that the study subjects are critically ill, vulnerable babies, which undergo demanding care and diagnostic procedures. To ensure not only safety of the patient, but also the future of EEG studies in your NICU, it is necessary to have a close collaboration with your key NICU contact, as well as a high level of trust with all NICU staff involved in patient care.
Recent work in both human babies [5] [6] [7] 10 and animal models with rat pups [13] [14] [15] has emphasized the dominance of infraslow frequencies in the EEG. While they are readily seen with the FbEEG technique (see Fig 1 and refs 8,9 ), they are ignored or distorted in the conventional EEG (using an AC coupled amplifier) that permanently cuts them at the time of signal collection, because AC coupled amplifiers act as highpass (low cut) filters. A faithful recording of these infraslow activities requires a DC stable recording setting that consists of a DC coupled amplifier (see Acknowledgements), Ag/AgCl electrodes, chloride-containing gel 16 , as well as an adequate elimination of epithelial potential (for details, see refs 2,3,8, as well as http://www.nemo-europe.com/en/educational-tools.php -> Setting up EEG hardware -> Skin prepping). It is notable in clinical context, that the caps used in our presentation are fully compliant with FbEEG recording, while many other clinical EEG caps are unsuitable because of their inappropriate electrode materials (eg. tin) 16 and/or poor mechanical stability due to the cut and electrode holder design (for details, see also refs 1,8).
Adequate assessment or monitoring of the early preterm brain must be based on a thorough understanding of the nature and specific characteristics of the immature brain activity itself (see above). Such an approach is largely lacking in the current clinical practice and literature. To meet this need, the protocol for a multimodal neurophysiological assessment of preterm babies was developed in our laboratory. The present paper bridges together the latest knowledge of developmental neurobiology, the relevant advances in neurophysiological techniques, as well as the pressing need for novel clinical research. Our work hences opens the window for translational studies to be performed in a bidirectional manner (from bench to bedside and back). In addition, clear demonstration of the protocol aims to open a venue for larger scale collection of clinically relevant datasets, including studies to define the elusive criteria of normality.
Our clinical experience in the Helsinki University Hospital has shown that i) multimodal studies of this kind have rapidly become an integral part of clinical routine, ii) that they have significantly increased the interest in neonatal EEG studies, and iii) that the developments in recording techniques shown here have made performance of such recordings as readily attainable as any limited, conventional EEG. Most importantly, understanding the relationships between developing brain function and structure makes it possible to assess brain maturation at a time when the baby is not yet able to communicate with the outside world 17 . Better brain care at an early stage of development is likely to lead to a permanent increase in health and in overall quality of life of the preterm baby.
